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Abstract 

Flash-induced absorbance changes were measured in the Chl-c-containing alga Pleurochloris meiringensis (Xan- 
thophyceae) between 430 and 570 nm. In addition to the bands originating from redox changes of cytochromes, 
three major positive and two negative transient bands were observed both 0.7 and 20 ms after the exciting flash. 
These transient bands peaking at 520, 480 and 451 nm and 497 and 465 nm, respectively, could be assigned to 
an almost homogeneous shift of the absorbance bands with maxima at 506, 473 and 444 nm, respectively. The 
shape of the absorbance transients elicited from PSI or PS II was identical, and the two photosystems contributed 
nearly equally to the absorbance changes. Furthermore, the decay transients were sensitive to the preillumination 
of the cells. These data strongly suggest that the absorbance transients originate from an electrochromic response 
of carotenoid molecules. The pigment species responsible for the 506 nm absorption band, probably heteroxanthin 
or diatoxanthin, transferred excitation energy to both photosystems as shown by the aid of 77 K fluorescence 
excitation spectra. 

Abbreviation: LHC - light-harvesting complex 

Introduction 

Upon illumination of photosynthetic membranes posi- 
tive and negative charges are separated in the reaction 
centre complexes. The primary charge separation is 
followed by a vectorial transport of charges which is 
accompanied by uptake and release of protons on oppo- 
site sides of the membrane vesicle. As a result, a trans- 
membrane electrochemical potential builds up, which 
consists of a proton concentration gradient, ApH, and 
an electrical potential difference, A~F. By a reverse 
flow of protons the electrochemically stored energy is 
consumed in ATP synthesis (Mitchell 1974). 

The rise and decay of the transmembrane electri- 
cal potential difference can be followed by observing 
the electrochromic absorbance change of the pigments 
embedded in the membrane. The pigments exposed 
to the electric field undergo an almost homogeneous 

absorption band shift, the so-called electrochromic 
or field-indicating shift which is proportional to the 
field strength (for review see Junge 1977; Witt 1979). 
Electrochromic absorbance changes induced by sin- 
gle turnover flashes provide useful information on the 
concentration of active reaction centres (e.g. Junge 
and Jackson 1982), on the secondary charge transport, 
e.g. in the Cyt b6/f complex (Cramer et al. 1987), 
and on various factors affecting the permeability of 
membranes e.g. activation of ATPase (Girault and 
Galmiche 1976; Morita et al. 1983; Schreiber and 
Rienits 1982). 

The detector molecules with and without per- 
manent dipole moment respond linearly or quadrat- 
ically, respectively, to a homogeneous transmem- 
brane electric field. Local or pre-existing fields can 
significantly alter the sensitivity of some pigments. 
For example, polar chlorophyll molecules close to 
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carotenoids induce dipole moments in the latter which 
change the quadratic response to a pseudo linear field- 
dependence. The sensitivity of the absorbance bands 
of pigments also depends on the orientation of their 
transition dipoles with respect to the electric field 
vector (Paillotin and Breton 1977). Hence, different 
pigments do not respond equally to the electric field 
and in fact usually only a relatively small fraction 
of molecules, the 'field-indicating pigments', exhibit 
large, well discernible electrochromic response (Joliot 
and Joliot 1989). Moreover, in some membranes, e.g. 
in heterocysts (Houchins and Hind 1983) and unicel- 
lular cyanobacteria no flash-induced electrochromic 
absorbance change has been identified between 450 
and 540 nm where the electrochromic bands can most 
easily be observed in green algae and higher plants. 

In higher plants and green algae, the electrochromic 
shift exhibits major negative and positive maxima at 
478 nm and 515 nm, respectively (Duysens 1954; Witt 
1955). Schmidt et al. (1971) showed that Chl-b is 
responsible for the major negative band at 478 nm, 
while the transient absorbance band around 520 nm 
could be correlated with the interaction of Chl-b and 
lutein in the complexes (Sewe and Reich 1977). 

Pleurochloris meiringensis, an alga belonging to 
the Xanthophyceae, contains neither Chl-b nor lutein. 
Instead of Chl-b a small amount of Chl-c is present as 
accessory pigment in the light-harvesting complexes. 
The main carotenoid diadinoxanthin is accompanied 
by heteroxanthin, vaucheriaxanthin-ester and diatox- 
anthin (Biichel and Wilhelm 1993). Thus, the elec- 
trochromic absorbance changes whose existence has 
not been shown in this organism are expected to be 
different from those in green algae and higher plants. 
By using light flashes of 0.3-3 s duration, light induced 
absorbance transients between 400 and 570 nm have 
already been recorded in representatives of different 
algal groups which do not contain Chl-b and lutein, 
including some xanthophyceae (Fork and Amesz 1967; 
Fork 1969; Fork and Brown 1974). The absorbance 
changes were suggested to originate from a shift in 
carotenoid absorption, a mechanism similar to the elec- 
trochromic absorbance transients in green plants. 

In this work, by using single turnover flashes, we 
have identified the main absorbance transients between 
450 and 540 nm in P. meiringensis. We show that the 
absorbance changes can be fitted with the assumption 
of a homogeneous shift of the absorbance bands with 
maxima at 506 nm, 473 nm and 444 nm, respectively. 
The nearly equal contribution of the two photosys- 
tems to the absorbance changes, and the sensitivity 

of the decay kinetics to preillumination strongly sug- 
gest that the transients originate mainly from an elec- 
trochromic shift of carotenoid molecules. The band at 
506 nm could also be identified in the excitation spec- 
trum of low temperature fluorescence emission, and 
the carotenoid species could be located in both LHC I 
and LHC II. 

Materials and methods 

Pleurochloris meiringensis Vischer (Culture collection 
G6ttingen, n ° 860-3) was grown as batch culture in a 
nutrient medium according to Bigger (1969) in white 
light of 15 #E m -2 s -1 intensity. Cells were harvest- 
ed in the logarithmic growth phase and concentrated 
by sedimentation. Chlorophyll content was measured 
after homogenisation of the cells in acetone (90%) 
according to Jeffrey and Humphrey (1975). 

For absorption transient measurements the cells 
were used in nutrient solution supplemented with 0.02 
M HCO3-; 5% Ficoll was added to avoid sedimenta- 
tion of the cells during measurement. The Chl-a con- 
centration of the samples was adjusted to 70 #g/ml. 
Unless stated otherwise, the ceils were dark-adapted 
prior to measurements for at least 20 min. All mea- 
surements were performed at room temperature. 

Absorption transients were induced by saturating 
flashes of red light (3 #s duration at half peak emission) 
in a set-up described earlier (Barab~is et al. 1985). Data 
were collected in a digital storage oscilloscope (TEK 
2224, Tektronix) and processed in a personal computer. 
The time resolution of the instrument was adjusted to 
100/as. Flashes were given at a frequency of 1 s-  1 and 
30 kinetic traces were averaged. 

For spectral analysis, kinetic measurements were 
carried out at different wavelengths between 430 nm 
and 570 nm and analysed 700 #s after the exciting 
flashes. At 700/as, between 450 and 540 nm the con- 
tributions of the absorbance changes due to redox reac- 
tions ofCyt b6/f(Wasserman 1980) and P700 (Hiyama 
and Ke 1971) were small compared to the measured 
amplitudes. In this region the transient spectra were 
deconvoluted by mathematical fitting with the assump- 
tion that the transients are predominantly of elec- 
trochromic nature and thus can be fitted with a linear 
combination of first derivatives of gaussian absorbance 
bands which undergo bathochromic shift: 

( d A l a i , )  = - ( k .  - 3 • e 
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with A = absorbance, u = frequency at the peak position 
of the gaussian, and a = halfbandwidth. 

The fit of each band was performed by iteration for 
the halfbandwidth and peak position of the gaussian, 
and for the amplitude of the derivative band. The initial 
values of u0 for the iteration were obtained from the 
zero-crossings of the transient spectrum. For the fitting 
of the first band the data points between 500 and 535 nm 
were used. After subtracting this fit from the measured 
spectrum the second transient was fitted for the interval 
between 470 and 500 nm. This procedure was repeated 
for the third derivative band which was fitted for data 
points between 445 and 470 nm. 

Fluorescence excitation spectra of whole cells at 
77 K were recorded as described earlier (Btichel and 
Wilhelm 1993). Excitation and emission band passes 
were set to 1.5 and 5 nm, respectively. Spectra were 
recorded with a resolution of 1 data point per nm. 

Results 

Figure 1 shows the kinetics of flash-induced absorption 
changes of dark adapted and preilluminated P. meirin- 
gensis cells at 515 nm (A) and 553 nm (B). At 515 
nm the absorbance change of dark-adapted cells was 
characterised by a fast (< 0.1 ms) rise followed by a 
slow rise peaking at around 5 ms, and a slow decay 
with a half decay time between 100 and 200 ms, At 
553 nm, the fast absorbance decrease also relaxed rel- 
atively slowly. Upon preillumination of the cells the 
signals relaxed faster after the exciting flash at both 
515 and 553 nm (lower traces in Fig. 1A and B). 
The decay of the electrochromic absorbance change 
at 515 nm in green algae has been shown to accelerate 
upon preillumination (Joliot and Delosme 1974). The 
rereduction of Cyt f - ,  although faster in green algae 
than in P. meiringensis after dark adaptation, is also 
accelerated upon light-induced reduction of the plasto- 
quinone pool (Bouges-Bocquet 1977). The similarity 
of the traces to data published for green algae sug- 
gested that the absorbance change at 553 nm originat- 
ed from oxido-reduction of cytochromes, whereas the 
absorbance change at 515 nm was most probably due 
to an electrochromic absorbance change of pigment 
molecules. In P. meiringensis, the initial amplitude of 
the 515 nm signal was reduced by a factor of 10 in com- 
parison to green algae (Joliot and Delosme 1974). On 
the other hand, the initial amplitude of the cytochrome 
signal corrected for the chlorophyll concentration was 
comparable to that in higher plant chloroplasts (Hope 
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Fig. 1. Hash-induced absorbance transients of  P. meiringensis 
cells at 515 nm (A) and at 553 nm (B~, respectively, Upper traces 
were recorded after dark adaptation, the lower traces after 5 rain 
preillumination of the cells with white l ight of  80 ~E  m - 2  s -1  . In 
A and B the baseline of the upper traces were shifted by - 0 . 0 0 3  and 
-0 ,002 ,  respectively. 

et al. 1992), even though under our culture conditions 
P. meiringensis contained three times less Cyt f on a 
Chl-basis than Chlorella or higher plants (Biichel et al. 
1988; Chow et al. 1990; Wild et al. 1986). The large 
amplitude of the 553 nm absorbance change could be 
explained by the fact that in P. meiringensis Cyt c553, 
which has a comparable extinction coefficient to C y t f  
(Sandmann and BOger 1980), serves as electron donor 
for P S I  instead of plastocyanin (Btichel and Garab 
1994). 

Transient spectra determined at different time inter- 
vals after the exciting flash are shown in Fig. 2. The 
negative peak at 553 nm, with a shoulder at 559-560 
nm, could indeed be assigned to the oxidation of C y t f  
and Cyt c553. The major positive band in the transient 
spectra o f P  meiringensis was located at 520 nm, close 
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Fig. 2. Transient spectra of fast absorbance changes in dark adapted 
P. meiringensis 700 #s (e) and 20 ms (o) a!ter the exciting flash. 

to the peak position of the main electrochromic tran- 
sient band in Chlorella (Joliot and Delosme 1974), but 
shifted slightly towards longer wavelengths in com- 
parison to other xanthophyceae (Fork 1969; Fork and 
Brown 1974). As in these organisms, but in contrast 
to the transient spectra in green algae (Lavergne et al. 
1984), the negative band peaked at 495 nm, and not at 
478 nm. A shoulder could clearly be resolved at 540 
nm in P. meiringensis. A similar shoulder was observed 
in a mutant of Chlorella sorokiniana lacking the CP I- 
complex in the presence of DCMU and ascribed to 
an electrochromic band shift of pheophytin due to the 
accumulation of QA- (Lavergne et al. 1984). How- 
ever, in P. meiringensis this shoulder was observed in 
untreated wild-type cells. In another xanthophyceae, 
Tribonema aequale, Fork and Brown (1974) observed 
a clear maximum at 537 nm, the origin of which was 
not identified. Whereas in T. aequale the peak at 537 
nm was the predominant absorbance change in that 
part of the transient spectrum, it was lacking in anoth- 
er xanthophyceae, Botrydiopsis alpina (Fork 1969). 
Thus, the origin of this band remains to be determined 
in these organisms. 

The initial amplitude of the absorbance change at 
515 nm was decreased by about 60% upon addition of 
20 #M DCMU (data not shown), a sensitivity similar 
to that of the electrochromic absorbance changes in 
higher plant leaves (Garab et al. 1983). The transient 
spectrum between 505 and 545 nm did not change 
in shape (data not shown). These data supported the 

notion that the absorbance change around 520 nm is 
due to an electrochromic shift of pigments in P meirin- 
gensis. 

In dark-adapted cells ofP. meiringensis the rereduc- 
tion of Cytfi- occurred with about the same relatively 
slow time course as the other absorbance transients 
between 450 and 540 nm. In order to separate the sig- 
nal due to redox changes of C y t f  from the transients 
between 450 and 540 nm, different preillumination 
protocols were tested to find a condition where the 
rereduction of cytochrome and the decay of the 515 
nm signal differed kinetically. Preillumination of the 
cells 600 ms prior to each measurement by four actinic 
flashes spaced by 100 ms led to a good separation of 
the signals at 515 nm and 553 nm: it accelerated the 
rereduction of Cyt fi-, without significantly changing 
the decay at 515 nm (data not shown). By subtracting 
the contribution of the Cyt fi-, the transient between 
490 and 560 nm could reasonably well fitted with a 
first derivative of a gaussian band peaking at 506 nm 
(data not shown). This supported the notion that the 
transient between 490 and 540 nm originate mainly in 
electrochromic shift. 

The transient spectrum of dark adapted cells 
between 450 and 540 nm was fitted with first deriva- 
tives of gaussian bands (Fig. 3). Three absorption 
bands could be deconvoluted in the region between- 
440 and 540 nm. The fit was started between 500 and 
530 nm (Fig. 3A). The first calculated band peaked at 
506 nm in accordance with the fit obtained after sub- 
tracting the contribution of the cytochromes. Probably 
due to spectral overlap by the main band the second 
fit was less precise than the first one as was obvious 
by comparing the scatter of data points in Fig. 3A and 
3B. The fit of the last band (Fig. 3C) carried some 
further uncertainty as contributions from cytochromes 
and P700 + in this spectral region (Bouges-Bocquet 
1977; Hiyama and Ke 1971) could not be excluded. 
As shown in Fig. 3D the calculated transient spectrum 
between 450 and 540 nm fitted reasonably well the 
measured data points. 

Based on the fitted values of L,0, ~r and k, the 
absorbance spectrum of the shifted pigment(s) was 
reconstituted (Fig. 4). It must, however, be noted that 
the calculated absorbance spectrum does not neces- 
sarily follow the absorbance of the pigment(s), since 
the fitted amplitudes depend not only on the extinc- 
tion coefficient but also on the magnitude of the band- 
shifts. Furthermore, overlaps from other minor elec- 
trochromic or non-electrochromic bands could not be 
ruled out. 
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Fig. 3. Mathematical fit of the spectrum of fast absorbance changes of dark adapted P. meirmgensis 700 # s  after the flash. Curves in (a)-(c) 
show consecutive fittings, (d) the calculated spectrum; symbols represent measured data points (a, d) and values obtained after subtracting the 
fitted values (b, c), respectively (see Material and methods). The fitting parameters obtained by iteration are as follows: (a) ~'0 = 5.921-1014 s -  l 
(= 506 nm), (r = 1.500-1013 s -1  and k = 2.100-1026 s2; (b) v0 = 6.349.1014 s -1  (= 473 nm), (r = 1.575-1013 s -1  and k =1.850-1026 s 2 and (c) 
v0 = 6.757.1014 s - t  (= 444 nm), (r =1.700.1013 s -1  and k = 2.000.1026 s 2. 

The existence of the 506 nm absorbance band could 
also been demonstrated in whole cells with the aid of 
fluorescence excitation spectra. As shown by moni- 
toring low temperature fluorescence emission of PS II 
(688 nm) and PS I (715 nm) the band absorbing at 506 
nm transfers energy to both PS II and PS I (Fig. 5). 

Discussion 

Light-induced transient absorbance spectra have been 
published for a variety of organisms including the 
heterokontae, such as phaeophyceae, diatoms, eustig- 
matophyceae and xanthophyceae (Fork 1969; Fork and 
Amesz 1967; Fork and Brown 1974). The spectra mea- 
sured in xanthophyceae and eustigmatophyceae close- 
ly resemble that of P. meiringensis in the shorter wave- 
length range (430-500 nm) with regard to the position 
of maxima (~ 450 nm, ~ 482 nm) and minima (~ 
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Fig. 4. Absorbance bands resulting from consecutive fits of tran- 
sients as shown in Fig. 3 (.....) and sum of bands (--) of~e pigment 
molecule(s) undergoing electrochromic shift in P. meiringensis. 
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Fig. 5. Fluorescence excitation spectra at 77 K and second deriva- 
fives of the spectra recorded at the e~ssion wavelength 688 nm (A) 
and 715 nm (B). 

465 nm, ~ 496 nm). Especially the spectrum of the 
xanthophyceae Botrydiopsis alpina shows large sim- 
ilarities to that of P. meiringensis also in amplitude. 
The main differences are found around 520 nm. In P. 
meiringensis the transient spectrum is dominated by 
the 520 nm band, whereas in Tribonema aequale this 
band is present only as a shoulder and the 537 nm tran- 
sient band is the most intense of all bands between 450 
and 550 nm. This peak is also apparent in Pleurochlo- 
ris magna, an alga belonging to the eustigmatophyceae 
because it lacks Chl-c. Nevertheless, as the reported 
spectra were measured with long (0.3-3 s) flashes, a 
comparison to our data obtained with single turnover 
flashes is not straightforward. 

As the transients of flash-induced absorbance 
changes in the xanthophyceen alga P. meiringensis 
were observed 700 #s after excitation, they cannot 
be assigned to redox alterations of P700 and the Cyt 
b61fcomplex for spectral and kinetical reasons (Hiya- 
ma and Ke 1971; Wasserman 1980). Relaxation of 
carotenoid triplets after a flash should be faster than 
our time resolution and can therefore also be neglect- 
ed (Mathis and Vermeglio 1975). Furthermore, fast 
scattering transients are unlikely to contribute with 
large amplitudes, because in green algae they have 
been shown not to distort significantly the fast tran- 
sient spectra of absorbance (Garab et al. 1978). 

In green algae and higher plants, fast absorption 
changes around 515 nm originate mainly from elec- 
trochromic response of pigment molecules embedded 
in the thylakoid membrane (Junge and Witt 1968). 
The transients in P. meiringensis exhibit compara- 
ble spectral and kinetical behaviour as published for 
these organisms (Bouges-Bocquet 1977; Garab et al. 
1989; Joliot and Delosme 1974; Joliot and Joliot 
1992; Lavergne et al. 1984) favouring the idea of an 
electrochromic bandshift of pigments in the thylakoid 
membrane of P. meiringensis. 

The fact that DCMU decreased the initial ampli- 
tude of AA520 by about 60% further indicates that the 
observed changes are of electrochromic nature. PS II 
and PS I contribute equally to the generation of the 
transmembrane field (Junge and Jackson 1982). Thus, 
the suppression of the signal by DCMU is in reason- 
able accordance with the measured PS IUPS I ratio of 
2.88 in P. meiringensis (Btichel et al. 1988). In higher 
plant chloroplasts most of the slowly recovering PS II 
reaction centres remain undetected at a flash frequency 
of 1 s - l  (Chylla et al. 1987). This might explain the 
underestimation of PS II/PS I ratio by electrochromic 
absorbance changes compared to other methods. 
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Electrochromic absorbance changes can be unam- 
biguously identified in isolated thylakoids on the basis 
of their sensitivity to ionophores which accelerate 
the decay of the transmembrane potential difference 
(Junge and Witt 1968). The electrochromic nature of 
the changes at 700 #s in P. meiringensis could not be 
tested with ionophores, because they do not penetrate 
intact ceils. Attempts to isolate intact chloroplasts have 
not been successful. Thus, the origin of absorbance 
changes in Chl-c-containing algae was analysed on 
the basis of mathematical deconvolution of the tran- 
sient spectrum. A well established feature of elec- 
trochromism is that the absorbance bands of the pig- 
ments which detect the field undergo a homogeneous 
shift (Junge 1977). Thus, the transient bands can be 
approximated with first derivatives of gaussians. With 
mathematical fitting we have shown that the transients 
between 450 and 540 nm in P meiringensis can indeed 
be fitted with suitable precision by a linear combina- 
tion of derivative bands. Our analysis shows that the 
changes can be attributed to a homogeneous shift of 
three absorbance bands with peak positions at 444 nm, 
473 nm and 506 nm with halfbandwidths of 27.5 nm, 
28.5 nm and 30.5 nm, respectively. The peak posi- 
tions suggest that Chl-c and Chl-a do not contribute 
significantly to the major absorbance changes. Tak- 
ing into account the band structure of carotenoids of 
P meiringensis (Stransky and Hager 1970) it appears 
more likely that the three bands can be assigned to 
the same carotenoid molecule. The tenfold smaller 
amplitude of the transient spectra at 520 nm compared 
to that measured in green algae (Joliet and Delosme 
1974; Bouges-Bocquet 1977) might be due to the fact 
that the cells were used at a similar chlorophyll con- 
tent but not at a comparable carotenoid concentration 
since the ratios of different carotenoids to chlorophyll 
in thylakoids ofP. meiringensis are 2 to 6.25 fold low- 
er (Biichel et al. 1988) in comparison to the sum of 
Chl-b and lutein in that of higher plants (Bassi et al. 
1993). Nevertheless, the smaller signal might also be 
due to differences in the extinction coefficients of the 
pigments or in the extent of the homogeneous shift, 
respectively. 

As demonstrated by the fluorescence excitation 
spectra, a carotenoid with an absorption maximum at 
506 nm is present in P meiringensis and transfers ener- 
gy to both P S I  and PS II. From the spectra of isolat- 
ed pigment-protein complexes (Biichel and Wilhelm 
1993) it is obvious that this pigment is bound both 
to LHC II and LHC I, but not to the P S I  core com- 
plex./3-carotene, which is the carotenoid absorbing at 

longest wavelength in organic solvent is absent from 
the light-harvesting complexes of P meiringensis and 
thus cannot be responsible for the absorbance changes. 
Heteroxanthin and diatoxanthin are present both in 
LHC II and LHC I (Btichel and Wilhelm 1993) and in 
organic solvents they both have an absorption at longer 
wavelength than diadinoxanthin and vaucheriaxanthin- 
ester. Since, however, the in vivo absorbance of these 
carotenoids is not known the exact identification of 
the pigment molecule(s) which exhibit the homoge- 
neous shift upon flash excitation in P. meiringensis is 
presently not possible. 
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